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1. lNTRO!XJCTION 
Thertnopiastna acidophilrttn is a thcrmophilic ar- 
chaebactcrium, growing at pH 1-2 and 55°C. As part of 
investigations into the comparative nzymology of the 
central metabolic pathways of the archaebacteria, 
eubacteria nd eukaryotes [1,2], we have previously 
reported the cloning and sequencing of the gene en- 
coding the Tp. acidophilum citrrce synthase [3]. In the 
present paper, we report a protocol for the purification 
and characterisation f the expressed protein from the 
Escherichia coli host, 
Heat stability studies on Tp. acidophilutn citrate syn- 
thase demonstrated that the enzyme is stable to 70°C 
[4]. This thermostability suggested the use of a heat step 
as the basis for purification of the archaebacterial en- 
zyme from E. coli. 
2. MATERIAL AND METHODS 
2. I . Bacterial strains 
The E. co/i strain TGI (supE hsdA5 rhiA(/ac-proAB) F’[lraD36 
proAB+ /acP /acZAMl5]) was used throughout. 
2,7, FIastnids, enzytnes and chemicals 
A plasmid construct (pTaCS19), carrying the Tp. ucidophi/um gene 
encoding citrate synthase, has been previously described [3], pUC vec- 
tors and restriction endonucleases were purchased from Northumbria 
Biologicals Ltd. (Cramlington, UK). [(r-“S]dATP was obtained from 
Amersham International (Amersham, UK). Sequenase kits were pur- 
chased from United States Biochemical Corporation, (Cambridge 
Bioscience, Cambridge, UK). CoA and oxaloacetate were from 
Boehringer (Mannheim, Germany). 5,5’-dithiobis-(2-nitrobenzoic 
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acid) was from Sigma Chemical Co. (Poole, UK). Gradiporc (12%) 
SDS~polyecrylamidc gels were from Flowgrn (Sittingbeurnc, UK), 
Protein standards, purchased from Pharmncia LKB (Upprrla, 
Sweden), consisted of rabbit muscle phosphorylnse b (M,= 94 0001, 
bovine serum albumin (M,=66 OOO), chicken ovalbumin (M, = 
45 OOO), bovine carbonic anhydrafe (M, m 30 Ooo) and soybean rryp- 
sin inhibitor (M, = 20 lOtI). Polybuffer 96 war also from Pharmacin 
LKB. 
2.3. Generic tnanipularion ofpTuCSl9 
A I kb region of Tp. acidophihrm DNA, upstream of the chratc 
synthase gene in pTaCSI9, was dclelcd (as shown in Fig. I) to yield 
the plasmid pCSEH 19. Further manipulation of pCSEHl9 resuked in 
the removal of a 4 base segment, generating clone pCSSS. Sequencing 
by the method of Sangcr et al. [S], using the synthetic oligonucleolide 
[5’-GTT’I’TCCCAGTCACGAC-3’1 as a primer, confirmed that 
these manipulations had been carried out successfully, 
2.4. Assay of citrale synlhuse 
Citrate synthase was assayed spcctrophotomctrically at 412 nm and 
55°C by the method of Srere et al. [6], 
2.5, Production attd purificution of plasmid-encoded 
Tp. acidophilum citrate synrhase in E. coli 
Cells of E. co/i carrying the recombinant vector pCSEH19 were 
grown for 16 h at 37°C in 250 ml of nutrient broth with IOOpg am- 
picillin/ml. The cells were harvested by centrifugation (10 min at 
10 000 x 8) and resuspended in 5 ml of 20 mM Tris-HCi buffer (pH 
8.0) containing I mM EDTA. After lysis by sonicadon, the cell debris 
was removed by centrifugation (10 min at 8 000 xg) and the cell lysate 
was incubated at 65OC for 10 min. Denatured protein was removed by 
centrifugation (10 min at 8 000 x g), The supernatant was dialysed 
against 25 mM diethanolamine-HC1 (pH 9.5) and then loaded onto a 
Pharmacia LKB FPLC mono P chromatofocussing column pre- 
equilibrated with the same buffer. Citrate synthase was eluted with 
10% (v/v) Polybuffer 96 (pH 6.0) 
3. RESULTS AND DISCUSSION 
3.1. Expression oJ’Tp. acidophiium citrate synthase in 
E. coli 
The construct pCSEH19 was found to give enhanced 
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levels of expression OF the Tp. acidopkilum citrnre xyn- 
chase compared to those obtained from the original 
eonstruet pTaCS19. The tranwiptian of the citrate 
syntPlasc gene from pCSEWI9 wpgcurs to be initiated 
from the lac promoter, since no expression was obtain- 
cd from a similar construct in which the citrate synthasc 
gene is in reverse orientation. However, the inclusion of 
isopropyl-,8-D-thiogalactosidc at a concentration of up 
to 5 mM had no effect on the level of expression of 
citrate synchase from pCSEW19, presumably due to the 
high plasmid copy number. 
In the pCSEW19 construct, the Tp. acidopitilum 
citrate synthase coding sequence is out of frame with 
the preceding segment of the k-2 gene. Expression of 
this construct in E, co/i produced a protein of M, = 
43 000, as predicted from the gene sequence. Deletion 
of a 4 base segment at the Sph I site in pCSEH 19 
generated a construct (pCSSS) with the citrate synthase 
gene in the lac-Z reading frame, Expression of pCSSS in 
E. coli produced proteins of Mr = 43 000 and 47 000, 
corresponding to Tp. acidophilum citrate synthase and 
a fusion protein which includes an additional N- 
terminal 19 residues from the kc-2 gene. The expres- 
sion of Tp. acidophilum citrate synthase of M, = 
43 000 from bottl constructs shows that the Tp. 
acidophilum ribosome binding site, which is retained in 
both pCSEH 19 and pCSSS, is efficiently recognized by 
the E. co/i ribosome [7]. 
The Tp. acidophilum citrate synthase was expressed 
in E. co/i at a specific activity of up to 5 units/mg pro- 
tein, that is at a level up to 20 times higher than that 
found in native Tp, acidophilum cells [8,9]. Production 
amounted to maximally lOolo f total E. coli cell pro- 
tein. 
3.2. Purificcrtion of Tp. acidophilum citrate synthase 
from E. coli 
The thermostability of ihe Tp. acidephil’um citrate 
synthase allowed a simple heat treatment to be used as 
an initial step in purification of the enzyme from heat- 
labile E, coli proteins. Subsequent passage through the 
Mt- 
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Fig. 2. SDS-PAGE of Tp, acidophilunz citrate synthase. Lanes: (1) 
Standard proteins (see text); (2) cell-free xtract of E. co/i TGl; (3) 
cell-freeextract ofE. co/iTGl containing plasmid pCSEH19; (4) cell- 
free extract from (3) after heat treatment; (5) supernatant from (4) 
after FPLC Mono P chromatofocussing. The gel was stained with 
Coomassie Blue R. The relative molecular masses of the standard pro- 
teins are shown. 
Specilifiry rwtivitr 41 380 
(Units per mg protein) 
Pelypcplide A% 43 000 43 tu%I 4t ooa 
~nI~oxnloacclate QM) 3.9 (ttO.8) 4.5 (*O,5) 400 t&a,,) 
K,,,.acetyl.CoA (FM) 7.7 1% IA) 6.3 (a&6) 55 (.%.?I 
Mono P chromatofocussing colunln gave pure protein 
as judged from a single band obtained by SDS 
polyacrylamide lectrophoresis (Fig. 2). The subunit 
molecular weight of the pure protein (43 000) cor- 
responds to the molecular weight predicted from the 
amino acid sequence derived from the gene sequence 
(42 942) [3) and that obtained for the enzyme purified 
from Tp. acidophilum (43 000) [9]. Table 1 sumnaariscs 
the steps involved in the purification procedure. 
3.3, Characterisation of the plasmid-encoded Tp. 
acidophilum citrure synfitose 
Citrate synthase assays were carried out at 55OC in 
order to prevent background activity from the E. coli 
citrate synthase. In addition, KC1 was omitted from the 
assay medium, thus ensuring that the activity of the E, 
coli enzyme was sub-optimal [lo]. Assays of cell-free 
extracts from untransformed host E. co/i cells, which 
did not contain plasmid, showed no citrate synthase ac- 
tivity, confirming that these assumptions were indeed 
the case. 
The kinetic properties of the purified archaebacterial 
enzyme (Table 2) indicate that the expressed citrate syn- 
thase is catalytically indistinguishable from the enzyme 
isolated from Thermoplasma cells. 
3.4. Concluding remarks 
‘This work demonstrates that expression in E, cofi of 
the citrate synthase gene from the thermophilic ar- 
chaebacterium Tp. rscidophilum is accompanied by 
folding of the protein into a native, active conforma- 
tion. The thermostability of the Tp. acidophilum citrate 
synthase has enabled the enzyme to be purified after ex- 
pression of the cloned gene in E coli. A similar strategy 
has been employed for glyccraldehyde dehydrogcnasc 
from the thermophilic archaebacteria A4etksnotherrms 
fervidus [ 1 l] and P.~rococcus woe& [ 121, We find that 
approximately 10 mg of purified citrate synthasc an be 
obtained per litre of E. coli culture, enabling the under- 
taking of detailed structural studies on this protein and 
the investigation of the basis of its thermostability. 
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